Purpose Left ventricular two-dimensional global longitudinal strain (LS) is superior to ejection fraction (EF) as predictor of outcome. We provide reference data for atrial and ventricular global LS during childhood and adolescence by CMR feature tracking (FT). Methods We prospectively enrolled 115 healthy subjects (56 male, mean age 12.4 ± 4.1 years) at a single institution. CMR consisted of standard two-dimensional steady-state freeprecession acquisitions. CMR-FT was performed on ventricular horizontal long-axis images for derivation of right and left atrial (RA, LA) and right and left ventricular (RV, LV) peak global LS. End-diastolic volumes (EDVs) and EF were measured. Correlations were explored for LS with age, EDV and EF of each chamber. Results Mean±SD of LS (%) for RA, RV, LA and LV were 26.56±10.2, -17.96±5.4, 26.45±10.6 and -17.47±5, respectively. There was a positive correlation of LS in LA, LV, RA and RV with corresponding EF (all P<0.05); correlations with age were weak. Gender-wise differences were not significant for atrial and ventricular LS, strain rate and displacement. Inter-and intra-observer comparisons showed moderate agreements. Conclusions Chamber-specific nomograms for paediatric atrial and ventricular LS are provided to serve as clinical reference, and to facilitate CMR-based deformation research. Key Points • No normative data exist for CMR-derived global longitudinal strain in the young. • This prospective study provides reference data for atrial and ventricular longitudinal strain. • The data will serve as reference for CMR-based clinical and research use.
Introduction
Two-dimensional longitudinal strain (LS) is a quantitative measurement of global long axis function in any cardiac chamber. Observational studies of left ventricular (LV) function in adults suggest that global LS correlates with ejection fraction (EF), and is superior to EF as a predictor of outcome [1] . Atrial function is also a key component of cardiac function, and a prognostic indicator in heart failure, myocardial infarction and atrial fibrillation [2] [3] [4] [5] . Cardiovascular magnetic resonance (CMR) imaging with its ability to reconstruct three-dimensionally and with unlimited windows as compared to transthoracic echocardiography can provide reproducible quantitative data on cardiac chamber function [6, 7] . CMR is therefore increasingly used in children, adolescents and adults with congenital heart disease (CHD) for evaluation of ventricular function and extracardiac thoracic vascular anatomy [7] . CMR has also been shown to be accurate for analysis of atrial size and function [8] [9] [10] [11] .
Strain is the fractional change (%) in the length of a myocardial segment and strain rate is the rate of change (sec −1 ) in strain. Strain reflects the relative change in distance between points of tissue along the border, characterising the deformation properties of the myocardium [12] . The terms 'global longitudinal strain' (GLS) or 'global circumferential strain' (GCS) refers to the average longitudinal or circumferential component of strain in the entire myocardium, which can be approximated by the averaged segmental strain components in individual myocardial wall segments. Depending on spatial resolution, selective analysis of layer-specific (epicardial, midwall and endocardial) strain and strain rate may also be possible.
CMR-based feature tracking (CMR-FT) is a quantitative method for assessment of cardiac mechanics that can be applied to cine images, allowing derivation of myocardial deformation using a semi-automatic tracking algorithm. In principle, CMR-FT is based on optical flow technology [13] . FT analyses tissue movement by tracking intramyocardial features detected between the epicardial and endocardial myocardial tissue boundaries and integrating the changes; the geometric shift of each feature denotes tissue motion [13, 14] . The features tracked are found by methods of maximum likelihood in two regions of interest between two frames. The technique has been validated against myocardial tagging for the LV [15] , and used to identify LS abnormalities that correlated with myocardial scarring [16] . We and others have utilised LS by CMR-FT for characterisation of myocardial function in CHD, including coarctation of the aorta [17] , single ventricle [18] and repaired tetralogy of Fallot [19] .
Normative data for LS and strain rate by CMR-FT has recently been published for ventricular function in adults [20] . Besides ventricular LS and strain rate, CMR-FT applications to derive atrial function are evolving in adults [21] . In the paediatric population, CMR-FT analyses have the potential for functional evaluation of several forms of CHD. Paediatric application of LS by CMR-FT has been limited thus far, in part due to the absence of chamber-specific reference data. The aim of the present study was to obtain CMR-FT reference data for atrial and ventricular LS and strain rate during childhood and adolescence. We also hypothesised that there could be sex-differences in the parameters measured, as recently demonstrated for atrial and ventricular volumetry in this study cohort [7] .
Materials and methods

Study population and design
The study group consisted of 115 prospectively enrolled children and adolescents of Caucasian origin, of whom 59 were female and 56 male. All subjects were examined at a single institution. This sample size was based on prior studies done by Bellenger et al., who calculated a minimal sample size of 10-15 subjects to detect clinically relevant changes in ventricular volumes, function and mass with CMR imaging [22] . We also took into consideration work from Grothues et al., who calculated sample sizes of ten and seven subjects, respectively, to detect a 10-ml change in end-diastolic and end-systolic volume, yielding a power of 90 % and an alpha-error of 0.05, with even fewer sample sizes for healthy controls [23] . Thus, with our initial aim of studying different age groups, a sample size of 115 was used.
The study participants were healthy volunteers from family and friends of hospital employees. All scans were performed in awake, non-sedated and co-operative children. All subjects were in sinus rhythm and had no acquired or CHD or any chronic illnesses, and did not participate in any competitive sports activities. Scans were performed exclusively for research purpose with no additional examination of any other organ. The local institutional ethics committee approved the study, and informed written consent was obtained from the subject's parents or legal guardians.
Cardiac magnetic resonance imaging technique
All subjects co-operated during the study and there was no use of sedation or anaesthesia for any subject. The children were placed supine onto the examination table and had vector electrocardiogram leads, an abdominal belt for detection of respiratory motion and a five-element cardiac receive coil attached.
All examinations were performed on a 1.5-Tesla (T) whole body MR scanner (Philips Medical Systems, Best, The Netherlands; Intera, R11, maximum gradient performance 30 mT/m, slew rate 150 mT/m/ms). The body coil for signal transmission and a five-element cardiac phasedarray coil were used for signal acquisition. A VCG-gated balanced gradient-echo sequence (SSFP) was applied to cover the whole heart, yielding long axis (four-chamber) images, and a stack of 25-35 axial slices with 1-2 slices per breath hold. The protocol consisted of SSFP cine for axial volumetry, four-chamber view and phase contrast flow in the aorta and pulmonary artery. Further typically applied sequence parameters were no gap, repetition time/echo time/flip angle (TR/TE/ flip angle) =2.8 ms/1.4 ms/60 。 , acquisition matrix =160×168, number of averages =1, SENSE-reduction factor of 2 (phaseencode), 5-13 k-space lines per phase corresponding to a gating width of 14-36 ms with an acquisition resolution of 2.0-2.5 ×1.5-1.8 mm. Depending on the patient's heart rate and physical constitution, 25-35 phases (no heart phase interpolation) were acquired aiming for a temporal resolution of 25-30 ms. A 5-mm slice thickness was used in children < 30 kg, whereas a 6-mm slice thickness was used for children > 30 kg. No angiographies were performed. The procedure followed the standardised MR imaging protocol of the German Competence Network for Congenital Heart Defects [7, 24] .
CMR feature tracking
CMR cine images were analysed offline by a single observer (QS) with 2 years' experience in CMR-FT using commercially available software (2D cardiac performance analysis-MR 1.2.3.13, TomTec Imaging Systems, Unterschleissheim, Germany). Semi-automatic atrial and ventricular volumetric analysis was performed. Horizontal long axis was used for CMR-FT analysis as described elsewhere [17, 21] (Fig. 1 ). Atrial and ventricular longitudinal strain, strain rate and displacement were derived [17, 21, 25] . After placing points along the atrial and ventricular endocardium in a single frame, endocardial contours were manually drawn by one observer in a four-chamber view, composed of six segments. This was followed by semi-automated feature tracking by the software. Manual corrections were required in order to achieve good quality tracking. Every attempt was made to exclude the pulmonary veins, superior vena cava and suprahepatic inferior vena cava at the junction to the right atrium from atrial tracking. The atrial septum and the atrial walls were carefully reviewed for correct segmentation and manual changes performed as needed. FT computes and displays systolic and diastolic velocities, displacement, strain and times to peak for these parameters from the tracked endocardial contour by advanced analyses. The integration used to calculate displacement and strain often results in a baseline shift, for which the software automatically applies a correction (drift compensation). Because displacement, strain and strain rate are cyclic processes with no defined beginning or end, the position of a 'baseline' for tracking initiation is arbitrary [12] . The software provided segmental and average values for the measured parameters. Atrial volumes were measured from the images using a single-plane Simpson method. The interobserver and intra-observer variability was determined in 25 randomly selected healthy children by a second experienced observer (3 years of experience in CMR-FT).
Statistical analysis
All data are presented as means ± standard deviations or medians and ranges. Descriptive statistical analysis was performed for all relevant data after assessment for normality. Statistical comparisons were performed with a two-tailed unpaired Student's t-test. The relationships of data were assessed using Pearson's correlation coefficient. The Bland-Altman method was used to determine intra and interobserver variability. A p <0.05 was considered statistically significant. Statistical analysis was performed with the SPSS version 17.0.2 software package (IBM SPSS Inc., Chicago, IL, USA) and Excel 10.0 software package for Windows.
Results
Baseline demographics
A total of 115 healthy subjects participated in the study. Image quality in all studies was excellent and no images were excluded from evaluation. Demographic data and indices of global RA, RV, LA and LV function in all subjects are summarised in Table 1 . It was feasible to derive deformation indices for all subjects using CMR-FT. The RVLS and LVLS were normally distributed. The mean±SD for LALS was 26.5 ±10.6 % and LVLS was -17.5±5 %. For RALS, the mean±SD value was 26.6±10.2 %, and for RVLS the mean±SD was -18 ±5.4%. The mean±SD of RA LSR, RV LSR, LA LSR and LV LSR were 1.3±0.6, -1.25±0.5, -1.52±1 and -1.19±0.4, respectively.
Gender-wise differences
Gender differences for subject age, atrial and ventricular LS, longitudinal strain rate (LSR) and longitudinal displacement (LD) were not significant ( Table 2) . Age-wise comparison of parameters are shown in Table 3 , with age groups assigned similar to previous studies [40] .
Relationship of LS to baseline parameters and cardiac function
Correlation analysis of LS for each chamber (RA, RV, LA and LV) with age, heart rate, end-diastolic volume (EDV) and EF for the respective chamber are presented in Table 4 . Relationships of strain indices with age are demonstrated in Fig. 2 . LS for the RA, RV, LA and LV correlated positively with the corresponding EF: RALS had a weak positive correlation to RAEF (r =0.21, P=0.024), while RVLS had a moderate correlation to RVEF (r =0.35, P<0.001). LALS had a weak positive correlation to LAEF (r =0.32, P<0.001), and LVLS correlated to LVEF (r =0.27, P= 0.003). These results are shown in Fig. 3 . There were no significant correlations for LALS, LVLS and RALS with age or EDV of the respective chamber. Age-specific normal values were not reported because there was no significant variation with age for most of the parameters. Statistically significant correlations were seen for RVLS with age (p=0.037) and RVEDV (p=0.005).
Interobserver and intra-observer variability
Interobserver and intra-observer variability comparison showed good agreement for atrial and ventricular volumes with high correlation coefficients for each chamber ( Table 5 ). The interobserver and intra-observer variability and the intraclass correlation for the LS measurements were lower for all chambers, but acceptable and in line with the literature (Table 6 and Fig. 4 ). They found significant associations of all strain parameters with mortality. GLS was found to be an independent and superior predictor of outcome when compared with radial and circumferential strain, N-terminal of brain natriuretic peptide, EF and scar burden defined by late gadolinium enhancement [28] . Displacement defines the distance that a feature has moved (cm) between two consecutive frames. Velocity is the displacement per unit of time (cm/s), which measures how fast the location of a feature changes. Displacement and velocity are vectors, having direction in addition to magnitude. Their spatial components can be examined along the x, y and z directions; or alternatively along the anatomical coordinates of the cardiac chambers (longitudinal, radial and circumferential components) for the characterisation of myocardial mechanics [12] . Similar logic applies to strain and strain rate. The important advantage of strain and strain rate over displacement is that they reflect regional function independently of translational motion.
The accuracy of any tracking algorithm is dependent on image quality. The tracking quality achieved with CMR-FT is comparable to that of two-dimensional echocardiographic speckle tracking (2D-STE) [29] . Both tools provide quantitative deformation data including displacement, velocity and strain. We and others have shown that longitudinal and circumferential strains have good reproducibility in the FT algorithm. LV GLS was shown to have superior interobserver agreement by CMR-FT, whereas GCS had the best agreement between 2D-STE and CMR-FT. Frame rates of acquired images are typically higher for 2D-STE as compared to CMR-FT. Lower frame rates in CMR-FT can result in under-sampling, whereby isovolumic phases may be affected and peak strain rate and velocity values may be reduced [30] , whereas strain and displacement measurements are less affected. In other words, the lower temporal resolution of CMR images may give rise to more relative motion of a given feature in between frames, affecting the tracking results. 2D-STE has a resolution advantage; however, CMR has greater signal-tonoise ratio and thereby improved endocardial border tracking. Future studies assessing the impact of spatial and temporal resolution on the tracking accuracy of CMR-FT are important to undertake. In the present investigation, we provide normal reference values for LS, strain rate and LD for the LA, LV, RA and RV using CMR-FT, derived from a well-characterised group of healthy children and adolescents. No significant changes were observed in global LS with increasing age. Various authors have demonstrated maturational changes in left ventricular systolic deformation indices during growth using 2D-STE [31, 32] . Andre et al. found strain and strain rates to differ between genders as well as between age groups [31] . Others have observed weak but significant influence of body size on 2D-STE-derived LS in children [33] . Variations in values depended on the vendor used, LV end-diastolic diameter and age, suggesting the importance of vendor-independent software platforms for analysing strain [34] . Marcus et al. reported increase in LV LS up to 10 years of age and remaining stable thereafter [35] . Zhang et al. found similar correlations between peak systolic strain and age, and significant but small differences for LS between age groups [36] . On the other hand, Lorch et al. [37] found weak correlations of LV LS with age, which is also in agreement with our results.
The role of the atria in children and in CHD has not been extensively studied. Several paediatric heart diseases are associated with increased ventricular stiffness or decreased compliance, which in turn may lead to elevated atrial pressure and atrial remodelling. Similar to the assessment of diastolic heart failure in adults, indices of atrial deformation derived by tissue tracking may provide insights into atrial function in paediatric and adolescent heart disease. Because parameters of myocardial deformation better reflect early myocardial dysfunction than volumetric parameters, the LS and strain rate data from this investigation could find use in the detection of preclinical disease. These data are applicable for both 1.5-T and 3.0-field strengths, as the variability in strain indices between field strengths has been shown to be negligible [14] .
Our group recently showed that CMR-FT based atrial LS and strain rate discriminates between patients with impaired LV relaxation and healthy controls [21] . There is also an emerging interest in CMR-FT applications for assessment of the right heart. For example, Heermann et al. found biventricular strain analysis by CMR-FT useful to quantify wall motion abnormalities in arrhythmogenic right ventricular cardiomyopathy by permitting early detection [38] . In tetralogy of Fallot, Kempny et al. determined that right ventricular strain indices by CMR-FT related more closely with exercise tolerance than right ventricular volumetric indices [39] . Paediatric data on atrial and ventricular deformation for the left and right heart is limited, so the chamber specific values presented here could serve as clinical reference and facilitate further CMR-FT work in CHD.
It is known that the agreement between CMR-FT and myocardial tagging is not as robust for segmental LS analysis [14] , and there is no validation for RV and atrial FT. The inter study reproducibility is superior for global strain as compared to segmental analysis, so global values and ranges for LS, strain rate and displacement are reported in this study. With recent literature showing the prognostic power of CMR-FT-derived biventricular strain, its clinical application for ventricular chamber quantification is likely to increase in children and adults [40] . Further studies on CMR-FT-derived circumferential strain are needed, as this parameter was more reproducible in recent studies with adults.
Limitations
As discussed in this paper, the lower temporal resolution of CMR images may give rise to more relative motion of a given feature in between frames, affecting the tracking results. Also, the feature-tracking software has not been optimally validated for the measurement of strain in non-LV chambers, which may be a limiting factor. There are no previously published data validating CMR-FT of atrial walls in direct comparison with echocardiographic speckle tracking. With the higher variability noted especially in the right ventricular longitudinal strain, reproducibility remains a current limitation, and hopefully would improve concomitantly with technical improvements in the software. Short-axis image acquisition was not part of the imaging protocol, so circumferential strain was unable to be measured in the present investigation. Correlation between strain and chamber EF was generally weak; though the reason is unclear, we speculate this may be due to measurements performed in a normal cohort with a relatively wide age range.
Recent work in a small number of healthy volunteers has demonstrated differences in strain measurements between two types of CMR-FT solutions [41] . Prospective investigations in larger numbers of patients are needed for solutions from multiple vendors to be used interchangeably. CMR-FT is limited to 2D acquisitions at the present time. In contrast to 2D Fig. 4 Interobserver and intraobserver analysis for longitudinal strain (LS). Bland Altman plots showing the interobserver and intra-observer agreements for atrial and ventricular LS methods (STE and FTE), which cannot track motion in and out of the imaging plane, the recently developed ultrasonic 3D speckle tracking can track motion of speckles irrespective of their direction, as long as they remain within the selected scan volume. In individual patients, compared with 2D-STE, 3D-STE results in a more homogeneous spatial distribution of the measured parameters in normal ventricles. This finding is consistent with normal patterns of LV function and the fact that 3D-STE can measure all three spatial components of the myocardial displacement vector. Technical improvements including correction for through-plane motion and development of 3D CMR-FT have the potential for improving the accuracy and reproducibility of deformation measurements especially at the regional level.
Conclusions
This investigation provides chamber-specific reference values for paediatric atrial and ventricular LS, strain rate and displacement to serve as clinical reference. While there was no significant change in paediatric ventricular LS with age or gender, there were weak but significant correlations of the atrial and ventricular strain to the respective chamber EF. These data can facilitate future research in CHD based on CMR deformation. More studies correlating CMR-FT indices with clinical outcomes are needed.
